ABSTRACT This paper aimed to develop an IoT-based X-ray educational simulator (IoT-based dental education and learning: IDEAL) and establish a dental X-ray education system that allows students in dentistry colleges or dental hygiene departments to obtain a quality education without radiation exposure. A simulator that has a shape and operating motion range similar to those of intraoral x-ray machines widely used in clinical settings were created. Angle sensors were installed inside the cone and detector to enable the user to monitor rotation angles in these areas. Information regarding measured angles was sent to servers through wired telecommunications or a network, and it was analyzed and used as evidence to determine whether the user placed the patient in a suitable posture and position to take X-ray images. This paper demonstrated that this dental X-ray simulator can provide safe X-ray practical training without the risk of radiation exposure and that it can be used in many dental hygiene education settings in the future.
I. INTRODUCTION
Dental X-ray imaging is becoming increasingly important with the advancement of dental care technology; thus, the number of dental X-ray examinations and the amount of radiation exposure are growing [1] - [3] . This technique requires dental practitioners with X-ray competency to minimize the X-ray exposure of patients and themselves through an accurate and correct method of taking X-ray images [4] - [7] . Currently in Korea, the health professionals allowed by law to take dental X-ray images in dental institutions are dentists, dental hygienists, and radiologists [8] . According to the Medical Technologists, Etc. Act, a dental hygienist takes dental X-ray images under the instruction and supervision of a dentist who has installed diagnostic radiation-generating equipment pursuant to safety control standards [9] . Article 32.1 of the Medical Service Act states that health or medical institutions can take intraoral diagnostic X-ray images [10] - [12] . Among many oral imaging techniques such as intraoral imaging, panorama radiography, and cephalography, intraoral imaging is the dental X-ray imaging technique that is most widely used in dental institutions. For intraoral imaging, the user can obtain suitable images only when he or she takes images at an angle predetermined for each part of the tooth, with the detectorwhich serves as a film in the oral cavity-in place, and the X-ray tube-which emits radiation-on the film. If the X-ray tube deviates from the film, or if the angle is larger or smaller than the predetermined angle, errors can occur, such as cone cut, elongation, and shortening. It is therefore essential to accurately position the X-ray tube and detector. In this regard, educational institutions with dentistry colleges or dental hygiene departments, which nurture talented future dental professionals, should fully educate them with respect to intraoral imaging and other techniques through practical training in dental X-ray subjects; this further enhances the job competency of these professionals [13] , [14] . As of 2018 in Korea, 11 universities have dentistry colleges, and 82 have dental hygiene departments. All of these universities have currently installed practice rooms for dental X-ray imaging, and each room has X-ray has X-ray equipment to provide dental X-ray education [15] , [16] . Recently, however, Korea's Ministry of Education and Nuclear Safety and Security Commission (NSSC) expressed concern regarding the lack of maintenance for radiation-generating equipment in higher education institutions, as well as radiation exposure during practice among educators and students; the NSSC then began to apply regulations on the use of radiation-generating equipment [17] , [18] . Fig. 1 presents the need for development of a dental X-ray educational simulator. In addition, an amendment to the Nuclear Safety Act in Korea tightened regulations on student access to practice rooms with radiation-generating equipment in educational institutions [8] , [16] . Such regulations currently cause many constraints on practical training for the use of X-ray equipment in dentistry colleges or dental hygiene departments; thus, some universities have begun to operate in-school practical training partially to meet tougher regulations [8] . These problems are concerning as they could undermine dental X-ray education provided by dentistry colleges or dental hygiene departments, which would result in producing health professionals with poorer job competencies and ultimately result in disservice to patients and people in the country.
In an attempt to overcome these problems, researchers have recognized the need for development of an educational simulator that would allow dental education institutions to provide education regarding how to take dental X-ray images without the use of radiation-generating equipment. Because the simulator does not use radiation-generating equipment, it does not carry any risk of X-ray radiation exposure, and is thus free from legal or administrative constraints. In addition, because it does not produce radiation, repeated practical training can be provided, and anyone can access the simulator safely. For such educational and safety reasons, it highly necessary to develop a dental X-ray educational simulator. Currently, there is no available educational simulator related to intraoral X-ray imaging worldwide, so there is no comparable technology or product [8] .
To address the issues outlined in Fig. 1 , the purpose of this study was to develop the IDEAL system, an educational intraoral X-ray imaging simulator that enables training on how to take dental X-ray images without using radiation-generating equipment. This article describes how the system was developed and its functionality.
II. METHODS AND PROCESS

A. DESIGN OF IDEAL SYSTEM
The IDEAL system is an educational simulator developed to enable students to practice taking intraoral X-ray images without using X-rays; technological development for the VOLUME 7, 2019 system consisted of three components: operating hardware and software consisting of the X-ray image database and data acquisition server; a sensor and simulator with a size and operating motion range identical to that of an intraoral imaging X-ray used in clinical settings, which monitors the imaging angle as the sensor is installed inside the X-ray tube and detector; and intraoral dental X-ray imaging theories, practical training content, and an X-ray image database. Table 1 shows the technological development components of the IEDAL system and their description.
B. MAIN PROCESS OF THE IDEAL SYSTEM
An assignment is given by the instructor to the user (student) who logs in for intraoral X-ray practice; the student sets the position of the X-ray tube in the IDEAL simulator and that of the detector on the phantom, such that they are suitable for the given assignment. Because the angle and position of the X-ray tube and the angle of the detector inserted in the oral cavity have their own inherent values depending on the examined tooth part in intraoral X-ray imaging, measuring and comparing them in real time with the student's angle of the X-ray tube and detector set through the simulator helps to determine whether X-ray imaging conditions have been set correctly. If the conditions have not been set correctly, the student is instructed to practice until he or she sets the right conditions, and the system is configured in such a way that X-ray images can be printed from the established image database only when the right conditions are set. Fig. 2 shows the main process of the developed IDEAL system.
C. DESIGN AND DEVELOPMENT OF HARDWARE
The exterior of the IDEAL system was created to be identical to that of existing intraoral radiographic equipment. In the development phase, existing intraoral radiographic equipment, with the radiographic components removed, was used for the basic exterior of the simulator (Fig. 3a) . The sensor developed in this study had an exterior identical to that of the intraoral sensor in digital radiographic equipment used in clinical settings, and the sensor used in this study (ADXL335, Analog Device Co.) was connected inside (Fig. 3b) .
The IDEAL system used an absolute-type rotary encoder (SME360CP-05, SERA) to measure the angle of the X-ray tube in real time, and a gyro sensor (ADXL335, Analog Device Co.) to measure the angle of the detector inserted in the oral cavity. Arduino's Mega ADK 2560 R3 (http://www.arduino.cc) was used to input values measured from the sensor into the computer. (Fig. 4) .
Furthermore, the ADXL335 gyro sensor located in the X-ray detector to measure angles is an analogue output acceleration sensor with an operating voltage of 3.3 V and sensitivity of 300 mdps/digit; it determines a rotation angle on the X, Y, and Z axes from a measured acceleration value. Because the gyro sensor naturally has a high degree of noise, measured acceleration values were inputted into the analog input port in Arduino's Mega ADK 2560 R3 and removed noise through median filtering before inputting the data in the computer. 
D. DESIGN AND DEVELOPMENT OF SOFTWARE
The software system consisted of a data acquisition code, two databases, and a user interface (UI). To link the X-ray tube and detector data measured by Arduino in real time, an Arduino link class was developed with Visual C++ (Fig. 5) .
The developed class analyzed the log of multi-byte code data transmitted from Arduino and parsed it to acquire necessary data only. Two databases were created with MS SQL Server 2008 (express version); a student (user) management database and an X-ray image database. To operate the databases, a server table was established to manage servers and clients, a user table to manage users, an image table to manages images, and a study table to manage student education (Fig. 6) .
The user management database divided users into students, professors, and administrators, and set different authorization levels such that data could be managed efficiently. 7 shows the data flow used to design the IDEAL operating system software. Fig. 8 shows the developed IDEAL system's main UI, which was developed using Visual Studio 2013. The UI indicates information about the logged-in user and X-ray tube and detector angles measured by the sensor in real time, and radiographed tooth parts images can be checked in the thumbnails at the bottom (Fig. 8 ).
E. EDUCATION CONTENT IN THE SOFTWARE
The IDEAL program's education content consists of 30 educational video clips to be viewed before X-ray imaging, information on X-ray imaging techniques, a test bank, and an evaluation and feedback system. Educational content to be viewed before students perform X-ray imaging provides basic education regarding use of the simulator and program. The educational content provides theoretical education and video clips for each of the radiography methods. The test bank is a bank of questions presented to the learner. The evaluation and feedback system provide evaluation or feedback based on test results. For the educational content, a professor who teaches oral radiology in the Department of Dental Hygiene created video education clips based on existing dental X-ray textbooks (Fig. 9) . Technical support to make the video clips was provided by a video production company, and the resultant video clips were edited and verified by two professors in the Department of Dental Hygiene to ensure that there were no errors in the video clips and education content. Video clips for different tooth parts in the oral cavity are provided, to enable students to learn theory underlying X-rays of the teeth, as well as different radiography methods for the various tooth parts. Functions required to play a video clip, such as play, stop, rewind or fast-forward, and volume control were implemented. The content of intraoral X-ray practical training includes theories for different radiography methods and video clips regarding how to take images on different tooth parts; the learner can select a specific tooth part and then practice taking X-ray images. Furthermore, the instructor can monitor the learner's performance, evaluate images taken for different tooth parts in the oral cavity, and provide feedback to the learner about his or her test results. Table 2 presents education content and their description of the IDEAL system.
III. RESULT
A. IDEAL SYSTEM AND PROGRAM SIMULATION Fig. 10(a, b) shows the simulation in the developed IDEAL system, tested using the phantom (XR-2, Nissin, Japan), and indicates how it monitors in real time whether the detector is correctly mounted on the intraoral imaging tooth part in the phantom. It also ensures that the X-ray tube is positioned correctly for test purposes. Fig. 10(c) shows intraoral X-ray images implemented by IDEAL; if the detector and X-ray tube's angles are set correctly for X-ray test purposes, the intraoral X-ray images that match the test are loaded from the image database, as in Fig. 10(c) . With a thumbnail located at the bottom, the user can check his or her radiography history (Fig. 10) .
B. IDEAL SYSTEM USER MANUAL
A user manual was created to describe the functions of IDEAL and how to use the program; attached screenshots enable the user to easily understand the software. To help install the IDEAL program easily, installation files through Microsoft Visual Studio's Setup Project were created and tested. Using the setup program, the user can install IDEAL without additional settings, and the database can be installed easily with a single click (Fig 11) .
C. CERTIFICATION OF IDEAL SYSTEM
To verify simulation accuracy through the developed IDEAL system, the Korea Telecommunications Technology Association (TTA), a national association that certifies software programs, was requested to conduct a quality test in April 2017. In June 2017, the motion representation and accuracy of the X-ray imaging simulation passed the TTA test and a Good Software Certificate Grade 1, certified by the TTA was obtained [GS Certificate No.: 17-0236] (Fig. 12) .
IV. CONCLUSION
The radiographic simulator developed in the present study is the world's first educational simulator that enables X-ray practical training without the use of radiographic equipment during intraoral X-ray education for dental professionals. Dental professionals' experience with X-ray skills is very important, as such skills can reduce errors and repeated measurements during X-ray imaging, ultimately lowering the amount of radiation exposure for patients.
Because the simulator developed in this study does not use radiation during X-ray practical training, it is extraordinarily robust in terms of safety, as it has no radiation exposure risk and is easy to maintain. It is also very cost effective, as it has no limitation regarding installation location or the number of installations; thus, it can also reduce administrative costs. Furthermore, because it can improve radiography skills through repeated practical training and provide immediate feedback through monitoring education performance, this system is expected to be widely used for education among health-related educational or medical institutions.
In the future, to improve the educational effect of the simulator developed in this study, there is a need to provide further updates to the program, and to develop a variety of educational content that expands the scope of education from intraoral imaging to extraoral imaging.
